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Abstract
In this study, in order to fabricate micro structures on free-form surface with a Fast Tool Servo for milling process, a rotary-axial positioning 
system for a machine tool spindle was newly proposed. This positioning system developed is driven by a giant magnetostrictive element (GME) 
during rotation, and the GME is used not only as an actuator but also as a sensor simultaneously in order to estimate its displacement for the 
hysteresis compensation. The performance evaluation results confirmed that the developed positioning system achieves the rotary-axial 
positioning with a resolution of 0.ȝPGXULQJURWDWLRQDOVSHHGRI 2500min-1 without additional displacement sensors.
© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the International Scientific Committee of 7th HPC 2016 in the person of the Conference Chair Prof. 
Matthias Putz.
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1. Introduction
The surfaces with micro-scale texture generated called as 
functional surface can control wettability, friction, optics of the 
substrates, and so on. The micro-scale texture can be generated 
by a photolithography, an energy beam or an ultra-precision 
machining process [1]. In recent years, demands for adaptation 
of the functional surface to the large free-form surface have 
increased in a variety of the industries. Therefore, the ultra-
precision machining process, which has high flexibility and 
high precision, attracts a great deal of attention. However, it
takes a lot of time to generate micro structures, hence the
process costs high. Furthermore, the temperature fluctuation
while machining causes reduction in the machining accuracy.
In order to reduce the lead time, a Fast Tool Servo (FTS) 
method has been proposed [2]. In the method, highly responsive
and highly accurate actuators such as a piezoelectric actuator
are widely employed. The conventional FTS is based on a
single point turning, and thus this method has restriction of Fig.1 Fast tool servo for milling process
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machining form. Inversely, a milling machine equipped with 
the FTS system driven by piezoelectric actuator has been 
developed [3]. In this system, a slip ring inducing friction was 
employed so as to supply energy to the piezoelectric actuator. 
In contrast, a rotary-axial positioning system using Giant 
Magnetostrictive Element (GME), which can be driven without 
energy supply cable, has been already proposed by the authors,
as shown in Fig.1 [4]. The GME supplies magnetostriction by 
a magnetic flux generated from an excitation coil aligned 
around the GME. This positioning system achieves linear 
motion during rotation with noncontact condition.
Meanwhile, in order to achieve accurate positioning, the 
feedback control using a displacement sensor is required due to 
the hysteresis with the magnetostriction. However, it is difficult
to measure the displacement of the rotating milling tool 
accurately with satisfying the Abbe principle. Thus, in this 
paper the positioning system utilizes the GME as a sensor
simultaneously in order to estimate its displacement for the 
hysteresis compensation. The performance evaluation results 
confirm that the developed rotary axial positioning system 
achieves the hysteresis compensation without any external 
displacement sensors.
2. Concept of the proposed rotary-axial positioning system
The GME has a feature generating magnetostriction by the 
magnetic flux change called Joule effect. On the other hand, 
under a series variation of stress, the GME changes its magnetic 
permeability. Due to this feature called Villari effect, the GME 
is adopted as a vibration sensor [5].
Fig.2 shows the principle of the proposed hysteresis 
compensation. In this study, in order to compensate the 
hysteresis between the applied magnetic field and the 
magnetostriction, the GME is applied to the positioning system
not only as an actuator but also as a displacement sensor
simultaneously using Villari effect. By using the estimated 
displacement for the feedback control, the proposed positioning 
system can be driven precisely.
In this paper, as an approach to a measurement of the 
magnetic permeability without contact, a method using 
inductance change of a detective coil was applied. This
detective coil is concentric with the GME. An following inverse 
electromotive force occurs when high frequency small electric 
current is supplied to the detective coil.
ܸ = ߤ݊ଶ݈ܣ ݀ܫ
݀ݐ
+ ܴܫ െ ݊ܫ ݀߶
݀ݐ
(1)
Where,ܸ : inverse electromotive force [V],
ߤ : magnetic permeability [H/m],
n : number of turns in a coil,
݈ : length of a coil [m],
ܣ : cross section area [m2],
ܫ : supply current [A],
ܴ : resistance of a coil [ȍ],
߶ : magnetic flux [Wb].
In Eq. (1), the second term of the right member is negligibly
small because the supply current is quite small. Hence, the first 
term of the right member containing the magnetic permeability 
can be extracted using a lock-in amplifier.
Figure 3 shows a concept of a proposed positioning system.
The GME generates magnetostriction toward the axial direction 
by the applied magnetic flux from the excitation coil.
Simultaneously, the magnetic permeability in the GME varies 
with magnetostriction. Therefore, by means of measurement of
the magnetic permeability using the detective coil, the 
Fig.3 Concept of the rotary axial positioner
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displacement can be estimated from the relationship between 
the magnetic permeability and the displacement. In order to 
achieve the hysteresis compensation, this estimated 
displacement is utilized as the feedback control signal.
3. Development of rotary-axial positioning system
Figure 4 shows the structure of the proposed rotary-axial
positioning system mounted on a spindle. The GME is aligned
to the rotational shaft, and both the excitation coil and the 
detective coil are fixed to the housing of the spindle. The 
magnetic flux generated at the excitation coil passes through the 
cage-shaped yoke made of magnetic steel sheet and excites the 
GME with noncontact condition. The excited GME exhibits
magnetostriction with the push rod guided by diaphragm 
moving toward in the axial direction. Concurrently, in order to 
measure the magnetic permeability containing the displacement 
information, the detective coil was arranged to the around the 
GME. Additionally, a capacitance type displacement sensor 
was set so as to cross-check the displacement estimated by the 
magnetic permeability. Cooled water passes through around the 
excitation coil, to suppress the heat generation at the excitation 
coil. In order to utilize a sharp slope of the magnetostrictive 
curve with the magnet field, a permanent magnet was set to 
apply the bias magnetic field. Furthermore, the GME varies 
magnetostriction property with prestress called Burst effect, 
thereby the adjustment bolt was set so as to set up the suitable 
prestress of the GME.
In this study, Terfenol-D (Tb0.27 Dy0.73 Fe1.9) was adopted
as the GME alloy. Terfenol-D exhibits a large magnetostriction 
and a high Curie temperature. The GME has restriction of the 
driving frequency due to the eddy current loss generated by 
magnetic flux change. In general, this critical frequency can be 
given by the following equation [6].
௖݂ =
2ߩ
ߨߤܦଶ
(2)
Where, ௖݂ : critical frequency,
ߩ : electrical resistivity,
ߤ : magnetic permeability,
ܦ : diameter of the GME.
From Eq.(2), the utilized GME with the diameter of 15mm can 
drive up to 300Hz.
Figure 5 shows the appearance of the developed rotary-axial
positioning system. The rotational part with a diameter of
32mm was attached to an aerostatic spindle so that this 
positioning system achieves completely non-contact condition.
From the previous study [7], the preload of the GME was set to 
2MPa by the adjustment bolt with a strain gage in order to 
generate large magnetostriction with low current.
4. Evaluation of the rotary-axial positioning system
4.1 Displacement estimation
In order to investigate the relationship between the 
magnetic permeability and the displacement, both the 
inductance varies of the detective coil and the displacement 
were measured. A sinusoidal current with an amplitude of 
±0.5A and a frequency of 0.2Hz was supplied to the excitation 
coil. Additionally, a high frequency and small sensing current 
(27kHz, ±2.1mA) was applied to the detective coil so as to 
conduct the inverse electromotive force. The magnetic 
permeability change was extracted from the inverse 
electromotive force by the frequency of the sensing current 
using a lock-in amplifier. Fig.6 shows the displacement change
with the supplied current measured by the capacitance type 
displacement sensor. The hysteresis loop could be observed
between the displacement and supplied current. On the other 
hand, the relationship between the magnetic permeability and 
the displacement indicates linear proportion without hysteresis
as shown in Fig.7. The relationship would change due to the 
external force during the machining process. However, the 
thrust force is negligibly small. Furthermore, the error can be 
minimized by utilizing band-stop filter which is set to the stop 
frequency at the same as the rotational speed, because the 
external force is applied periodically. Therefore, the 
displacement could be estimated at a specified value by 
measuring of the magnetic permeability change.
4.2 Positioning evaluation
From the previous evaluation, the feedback control system 
using the estimated displacement signal from the detective coil 
was built. The point-to-point(PTP) positioning response was 
measured without the spindle rotating via upward and 
downward motions for evaluating the hysteresis compensation. 
Fig.5 Appearance of the developed rotary-axial positioner
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Fig.6 Displacement response curve
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As shown in Fig. 8 there is not the difference between upward 
motion and downward motions. Figs.8 and 9 show the result of 
experiment and positioning error, respectively. The positioning 
error was reduced to less than 0.3ȝP. Therefore, the evaluation 
results confirmed that the developed system achieves the 
hysteresis compensation. Meanwhile, a stationary error was 
observed after the PTP motion due to the residual
magnetization. In order to suppress this error, the yoke made of
a magnetic steel sheet, which causes a large magnetic hysteresis, 
would be replace to ferrite. A stepwise motion was performed 
so as to evaluate the resolution. Fig. 10 shows the result of a
ȝPVWHSZLVHmotion, and clear stepwise responses could 
be observed. The result shows comparable behavior between 
upward and downward motion. Therefore, this developed 
system can compensates hysteresis in the micro-meter range.
4.3 Positioning evaluation during rotation
In order to evaluate rotating behavior of the developed 
positioning system, same experiments were performed at a
rotating speed of 2500min-1. Fig.11 and Fig. 12 show the results 
of experiments. Although the amplitude of 100nm noise caused 
by alignment error of the spindle system was observed,
positioning characteristics of the developed positioner remains 
steady. Therefore, it is confirmed that the developed positioning 
system is not influenced by the rotating.
5. Conclusions
This paper presented a rotary axial positioning system for 
achieving non-contact positioning during rotation. In addition, 
the developed rotary axial positioning system was 
demonstrated. In consequence, the following conclusions could 
be drawn.
(1) The developed positioning system can compensate the 
hysteresis of the GME without additional displacement sensor 
by using the GME as a displacement sensor simultaneously.
(2) Experimental results confirmed that the positioning system 
developed can drive during rotation, and the rotational speed 
has no influence on the positioning characteristics.
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Fig.10 Stepwise response without rotation
Fig.8 Point to point motion response without rotation
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Fig.9 Positioning error
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Fig.12 Stepwise motion response with rotation of  2500min-1
Fig.11 Point to point motion response with rotation of 2500min-1
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